The hydrological impact of forest removal on the southeast Tibetan Plateau during the second half of the last century is investigated in this study using an atmospheric general circulation model. The effects of deforestation are investigated by examining the differences between the forest replace- 
Introduction
Large-scale land cover changes in general can result in dramatic climate changes (e.g., Charney 1975) through biogeophysical effects (Brovkin et al. 2004) or via biogeochemical feedbacks (Sitch et al. 2005) , for example, affecting hydrological cycle intensity (e.g., Avissar and Werth 2005) or atmospheric chemistry (e.g., Ganzeveld and Lelieveld 2004) . During the last two decades, tropical deforestation (e.g., Henderson-Sellers and Gornitz 1984) , such as in the Amazon (e.g., Shukla et al. 1990 ), Africa (e.g., Snyder et al. 2004) , and Southeast Asia (e.g., Xue et al. 2004; Mabuchi et al. 2005a; Mabuchi et al. 2005b) , was studied extensively with atmospheric general circulation models (GCMs; e.g., Werth and Avissar 2002) , regional climate models (e.g., Baidya Roy and Avissar 2002; Sen et al. 2004) , satellite data analysis (e.g., Negri et al. 2004; Linderman et al. 2005) , and observational field campaigns (e.g., Avissar et al. 2002) . These studies reveal that deforestation usually results in higher surface albedo (Myhre and Myhre 2003; Hales et al. 2004 ) and lower surface roughness (Sen et al. 2004) in their study areas. This leads not only to a decrease in evapotranspiration and an increase of surface temperature locally, but can also impact global hydrometeorology through teleconnections (e.g., Avissar and Werth 2005) . However, the overall net effect of deforestation is still hard to evaluate since it is too small to discern from natural climate variability (Sitch et al. 2005) . Deforestation is not restricted only to the Tropics (e.g., Betts 2000) and regional responses are highly variable. It might vary from one location to another (e.g., Govindasamy et al. 2001) or in different years (e.g., Pan et al. 1999) or with different climatic scenarios (e.g., 2 × CO 2 ; Costa and Foley 2000; Zhang et al. 2001) .
The southeast Tibetan Plateau (SETP) refers to the geographic region that encompasses the southeast Tibet Autonomous Region (TAR), northern Yunnan, western Sichuan, southwest Gansu, and southeast Qinghai (Figure 1 ). It is a huge mountainous area with elevation ranging from 3000 m to more than 7000 m above sea level (ASL). Figure 2 demonstrates that major forest cover changes have occurred in this region during the second half of the twentieth century. Figure 2a is obtained from the International Satellite Land Surface Climatology Project (ISLSCP) Initiative II data collection (Klein Goldewijk 2001) and it shows that, in 1950, the steep slopes of the SETP were mostly covered by coniferous forest, which contained China's largest forest resource (Studley 1999) . However, most of the forest had been cleared by the year 1992/93, as shown in Figure 2b derived from 1-km Advanced Very High Resolution Radiometer (AVHRR) data (available from U.S. Geological Survey 2001) . Forest inventories also revealed that deforestation in this area began in the 1950s and accelerated in the 1960s (Studley 1999; Houghton and Hackler 2003) , reducing the forest area from about 121 × 10 6 ha to 24 × 10 6 ha (Fang et al. 2001 ) and turning into cropland and buildups. In the TAR, forest cover decreased from 55% to 30% and in Sichuan from 30% to 6.5% during last 50 yr (Studley 1999) . The major factors responsible for forest loss in the SETP have been unsustainable logging practices (Houghton and Hackler 2003) , agricultural use, and urbanization (Liu et al. 2005) .
The forests of the SETP fulfill a crucial hydrological function both in and beyond China. One-third of the world's population lives along the rivers that originate on the Tibetan Plateau (TP) and flow through the SETP, including the Huanghe, Yangtze, Mekong, Salween, etc. Deforestation in the SETP may impair forest functions of safeguarding watersheds and river flow (Houghton and Hackler 2003) . For example, deforestation in the upper reaches of the Yangtze basin in China led to a reduction of forest cover from 22% of the total area in 1957 to only 10% in 1986. As a result, soil erosion from the upper reaches and sediment redistribution in the middle and lower reaches have intensified. These effects might have contributed to the most severe flood in Chinese history in the Yangtze valley in 1998, affecting 223 million people and causing more than $36 billion (U.S.) in economic loss (Zhang et al. 2000) . In 1998, the Chinese central government recognized the disastrous consequences of forest degradation resulting in the loss of biodiversity, unacceptable levels of soil erosion, and catastrophic flooding. A new forest policy called the Natural Forest Conservation Program (NFCP) was implemented in 1998 (Zhang et al. 2000) . The Chinese national forest survey shows that after 1980 the forest cover in China has already increased by about 20 × 10 6 ha as the result of plantations, although the natural forests continued to decline (Houghton and Hackler 2003) . Figure 2c shows the forest cover, including natural forest as well as plantations, over the TP region in the year 2000 taken from the Global Land Cover 2000 database (GLC2000 released in 2003 at http://www.gvm.jrc.it/glc2000/). Comparison with Figure 2b reveals two reforestation centers, one in the east of Sichuan along the Yangtze River valley and another in the center of the TAR. Reforestation of the eroded semidesert landscape of the SETP might be extremely difficult but still appears to have a huge potential (Miehe et al. 2003) . Experimental evidence shows that the southern TAR can be reforested with indigenous tree species without irrigation if grazing is excluded (Miehe et al. 2003) .
To the Chinese central government and local stakeholders, it is essential to find out the possible hydrological impact of deforestation/reforestation locally and more importantly its remote impact on downstream areas. Sharma et al. (Sharma et al. 2000 ) used a water balance and a distributed deterministic modeling approach to analyze the hydrological sensitivity to different projected land use scenarios in the Kosi basin, located in the mountainous area of the central Himalayas. They found that runoff would decrease if the whole basin were covered by forest areas below 4000 m, while it would increase in the case of possible maximum conversion of forest into agricultural land under contemporary climate conditions. To the authors' knowledge, there is no study so far investigating the hydrological impact of the deforestation at the SETP either locally or remotely.
Experiences from tropical deforestation studies show that model simulations are relevant tools for such studies as reviewed above. Despite high uncertainties existing in general circulation model (GCM) simulations of climate on the TP, they are useful tools, for example, to investigate the sensitivity of global climate to the TP's elevation (e.g., Broccoli and Manabe 1992). Cui et al. (Cui et al. 2006 , hereafter CUI2006) first simulated the climate impact of anthropogenic land cover change on the TP with an atmospheric GCM (AGCM), and they found that it exerts a warmer and drier climate on the TP. Anthropogenic land cover changes produce a possible modification of the Asian monsoon intensity as well. Deforestation is not included in their experiment; however, it is suspected to have a significant hydrological influence like that in the Tropics. In this study, the same AGCM as CUI2006 was run with deforestation scenarios of the southeast Tibetan Plateau. Questions of this study include the following: 1) What kind of hydrological responses are simulated by the model to the forest removal on the SETP? 2) Do these changes correspond to the available observations? 3) What hydrological implications on the downstream areas can we draw? To answer these questions, the paper is arranged as follows: section 2 introduces the model and experimental design; section 3 analyzes the impact of deforestation on the TP and Asian climate; and a discussion and summary will be given in section 4.
Model and experiments

Model introduction
The most recent version of the Max Planck Institute for Meteorology atmospheric general circulation model, ECHAM5 (Roeckner et al. 2003) , is used in this study. The previous version, ECHAM4, has been applied to study the sensitivity of the local and global climate to deforestation and reforestation in the Mediterranean region at T42L19 resolution (Duemenil Gates and Liess 2001). ECHAM5 performs better than ECHAM4 with implementation of new parameterizations, especially of surface albedo in the Himalayan/Tibetan area (Roesch and Roeckner 2006; Hagemann et al. 2006) . ECHAM5 has been used to simulate the effects of land cover change on the TP at T63L19 resolution (CUI2006). With 19 levels in the vertical, higher horizontal resolution does not lead to a more realistic climate simulation . Although inferior to T63L31, T63L19 is still applied in this study for saving central processing unit (CPU) time. It corresponds to a grid size of about 1.875°, approximately 200 km in latitude and 150 km in longitude in the TP region. More details of ECHAM5 can be found from the papers cited here and also at the homepage of the model (http://www.mpimet.mpg.de/en/ wissenschaft/modelle/echam.html). The capacity of ECHAM5 to simulate the atmospheric circulation and global climate has been evaluated and documented in many studies (e.g., see special section of Journal of Climate, 2006, Vol. 19, No. 16 ). CUI2006 also evaluated its representation of the major climate features in the Asian region and found that ECHAM5 reproduces reasonably well the seasonal shifts of the monsoon rainfall belt as well as the near-surface temperature.
Experimental design
A control experiment "C" has been performed with the realistic land surface conditions. It is the same as the control run in CUI2006 so only some major characteristics are mentioned here. The model is integrated for 22 yr driven with climatological global sea surface temperature (SST) and sea ice averaged over the period 1978-94 as used for the Atmospheric Model Intercomparison Project 2 (AMIP2; Gates et al. 1999 ) to eliminate additional interannual variability. The atmospheric variability represented in such integrations is generally less than that in simulations with interannually varying boundary conditions of SST and sea ice (Bengtsson et al. 1996) . This suppresses important interactions between deforestation and hydroclimatic processes, considerably simplifying the detection of land cover teleconnections (Avissar and Werth 2005) . The last 10-yr averages are analyzed here, discarding the first 12 yr needed for model spinup.
An experiment, named "F" for forest, has been conducted by replacing the current land surface in the SETP with forest as found in 1950 (shown as Figure 2a) , leaving other parameters identical to those in experiment C. In ECHAM5 the surface ecosystem types and related surface parameters are prescribed, including background surface albedo, surface roughness length due to vegetation, fractional vegetation cover (C ), and leaf area index (LAI) for the growing and dormant season, forest coverage, and plant-available and total soil water holding capacity (Table 1; Hagemann 2002) . To simplify experiment F, a model grid point that is declared as forest covered is assigned with the surface parameters of boreal coniferous forest. This approximation may not completely represent the reality of historic forest changes in this region. It should not, however, hinder the ability of this study to qualitatively investigate the influences of deforestation in this region.
To visualize the differences of surface characteristics prescribed in the model between the two scenarios C and F, several surface parameters are shown in Figure  3 . Figures 3a-d demonstrate decreasing forest area, increasing background surface albedo, generally increasing plant-available soil water holding capacity, and volumetric wilting point, respectively. In addition, decreasing surface roughness length due to vegetation (∼1 m; Table 1 ) is negligible compared to the surface roughness length due to orographic variations (∼20 m). A full annual cycle of fraction of vegetation (C ) and LAI are implemented in ECHAM5 as well, which is thought to improve the seasonality of surface evaporation calculated by the GCM (van den Hurk et al. 2003) . Figure 4 shows the changes of LAI and fractional vegetation cover due to deforestation. LAI decreases in all four seasons since forest in the F scenario is cleared and replaced with grassland, cropland, and built-up areas in the C scenario. The maximum decreases appear in winter and spring when the grassland and cropland cannot survive due to low temperatures in this region. Correspondingly, the fractional vegetation cover also decreases dramatically in these two seasons, while it increases in summer and autumn.
Experiment F is integrated for 15 yr starting from the equilibrium conditions of the control run (12th year) with the average of the last 10 yr analyzed. The differences of scenario C minus scenario F are assumed to represent the impact of deforestation at the SETP. A "Paired Difference Test" (von Storch and Zwiers 1999) t-test method is applied to test the statistical significance of the two nonindependent scenarios. Statistical significance is determined using boreal seasonal [December-February (DJF), March-May (MAM), June-August (JJA), September-November (SON)] or annual rather than monthly averages to include less of the year-to-year variability (Bonan 1997) . Each year of model output represents one seasonal or annual "sample." The analyzed number of both experiments (each 10 yr) means that there are only nine degrees of freedom when testing for the difference between two means with the method applied here. 
Model results
Regional impacts
To reveal the local impact of deforestation on the climate at SETP, Figure 5 shows the changes of surface parameters averaged from the deforested area indicated in Figure 3a . In ECHAM5, the grid-mean surface albedo depends on the specific background surface albedo, a specific snow albedo (function of temperature), the area of the grid cell covered with forest, the snow cover on the ground (function of snow depth and slope of terrain), and the snow cover on the canopy (Roesch and Roeckner 2006) . Although the background albedo is prescribed to generally increase due to deforestation (Figure 3b) , the surface albedo increased mostly during the winter half-year (Figure 5a ). The negligible changes of albedo in summer due to deforestation in SETP need to be verified by observational experiments in future studies, since this might lead to different hydrological influence in this area. Because of its topographic character, the plateau surface absorbs a large amount of solar radiation energy and undergoes dramatic seasonal changes of surface heat and energy fluxes (e.g., Ma et al. 2006 ). In the current GCM experiment, it is impossible to simulate accurately the surface heat fluxes over such a heterogeneous landscape. Negative radiative forcing of deforestation (e.g., Myhre and Myhre 2003) is only found during April and May in our experiment ( Figure 5b ). The net surface radiation (NSR; sum of net surface shortwave and longwave radiation) remains unchanged elsewhere. The radiative forcing is not linear with surface albedo changes and is dependent on the snow distribution (Myhre and Myhre 2003) , which is not able to be represented accurately in the current GCM over the TP. On the TP, the sensible heat flux dominates in the wintertime with a maximum in the spring (Figure 5c ) when the surface temperature increases (Figure 5e ). It starts to decrease while latent heat flux increases in the summer when the rainy season starts (Figure 5f ). The latent heat flux can even become larger than sensible heat flux when the evaporation reaches its maximum in summer (Figure 5d ). The sensible heat flux becomes larger in the deforested area, especially in February and March. The evaporation is generally less in the deforested area throughout the whole year, which will lead to less surface latent heat flux. Only a slight cooling is found during the winter shown from the 2-m surface temperature, which is corresponding to the changes of surface energy budget (NSR plus sensible heat flux and latent heat flux; figure not shown). However, the changes of latent heat flux might exert strong influence on the horizontal and convective circulations of the atmosphere and, consequently, change the distribution of precipitation. The mean precipitation in the deforested area increases in the summer half-year from April to August but decreases in the winter half-year except in September and October (Figure 5f ). The changes of precipitation might imply changes of regional convective circulation, which need to be addressed with high-resolution regional model simulation (Cui et al. 2007) in the future other than the current coarse GCM experiment. The wetter summer trends found here agree with the station observations (Niu et al. 2004 ) and tree-ring records for the period of 1961-90 (Braeuning and Mantwill 2004) . Together with decreased evaporation (Figure 5d ), the surface runoff increases, influencing the discharge of the rivers originating from the TP. In total, the precipitation in the deforested area increases (+30.5 mm yr −1 ) while surface evaporation gets weaker , an amount of 3.9 × 10 10 m 3 for the whole area. Such changes of river discharge might have an influence on the increasing frequency of flooding downstream (e.g., Zhang et al. 2000) .
Impacts on Asian climate
The TP plays an important role in forming and inducing variations of regional weather and climate in East and South Asia, as well as of the Northern Hemisphere atmospheric circulation in general (e.g., Ye and Gao 1979) . CUI2006 concluded that anthropogenic land cover changes over the TP intensify the Indian monsoon and weaken the east China monsoon, while leading to warmer and drier climate at the TP. The remote impact of deforestation at SETP on the Asian climate system, especially the hydrological impact in China, will be addressed in more detail in this section. The analyses are conducted on a four-season basis to capture the seasonal variations. Figure 6 shows the spatial distribution of differences of seasonal mean nearsurface temperature between scenarios C and F. In winter, a zonal band of cooling stretches in the midlatitudes from the Ural Mountains toward Japan with amplitudes well over 1 K. Significant warming is found over northeast Siberia. The TP cools slightly, however, at marginal significance, while west India, southwest China, the tropical Indian Ocean, and the southern tip of the Malaysian peninsula warm significantly despite the fixed SSTs. In spring few significant anomalies occur. Some warming tendency in midlatitude central Siberia and northeast India is seen as well as cooling over south China. Summer shows mainly significant warming over west Siberia and contrasting anomalies between the western (cold) and eastern (warm) TP. Fall exhibits strong significant warming over easternmost Siberia and cooling centered over northeast China, southeast Siberia, and the eastern TP as well as warming over India, the Kaukasus region, and southern Southeast Asia (Malaysia and Indonesia).
The Asian region is characterized by its monsoonal climate. Most of the annual rainfall occurs in summer and is mainly related to the moisture transported from tropical or ocean regions (for a review, see Webster et al. 1998) . Figure 7 shows the seasonal precipitation changes, including snowfall, due to deforestation on the SETP. In winter, drying is found at the cooling area in the midlatitudes (Figure 6a ) from the Ural Mountains toward Japan. Southern TP and the Indochina Peninsula get significantly drier, while more rainfall falls on the Maritime Continent with marginal significance. In spring, the most significant changes are found in eastern China, with a "wet-dry" oscillation from the southern coastal area extending to south Siberia through north China. The increase of precipitation in the upper reach of the Yangtze River might increase the risk of flood disaster in spring. When summer monsoonal rainfall moves to the Asian continent, it generally decreases, particularly in the middle and lower reaches of the Yangtze River and Siberia. The TP and its southeast tip get significantly wetter and so does the area from north China to Japan. In autumn, a significant drying is found in the Yellow River watershed, with slight wetting in north and south China. The TP and India become drier. The precipitation changes have regional characteristics with seasonal variations as well, which might relate to the hydrological disasters in China.
To further demonstrate the influence of deforestation of the SETP on the river discharges, the changes of annual average of surface runoff (precipitation minus evaporation plus snowmelt) are shown in Figure 8 . It demonstrates that more surface runoff is available from the deforested area with a maximum value up to 0.8 mm day lower reach. That might worsen the drought disaster faced by the livelihood and economics in this region recently. The correlation between deforestation on SETP and the recent hydrological problems in China found in this study highly encourage further studies to validate it.
Discussion and conclusions
Numerical experiments have been conducted with an atmospheric general circulation model at 1.875°resolution to investigate the climatic impacts of deforestation in the southeastern Tibetan Plateau, which mainly happened during the second half of the twentieth century. Hydrological impacts on the deforested and downstream areas are studied. Through comparison of the control and forest replacement scenarios, it is found that deforestation has some impact on local and remote climate. The most important hydrological implications can be summarized as follows. 1) Deforestation on the SETP induces decreased transpiration and increased precipitation locally, especially in spring. The TP, as a whole, gets warmer and wetter in summer while colder in autumn and winter. These changes might lead to increased runoff into the rivers originating from the TP and possibly worsen the flooding disasters in these rivers.
2) The deforestation on the SETP has a regional impact on the Asian climate. Precipitation changes downstream of the SETP have distinct seasonal and spatial characteristics. The drying along the middle and lower reaches of the Yellow River is significant for almost the whole year and might have worsened the recent drought problems in this area. The TP plays an important role in the Northern Hemispheric circulation (e.g., Ye and Gao 1979) , possibly suggesting the global-scale response to the land surface changes on it. Our model suggests a global-scale response to the deforestation at the SETP, however, with little statistical significance except the Asian area discussed above (figures not shown) similar to that in the case study of anthropogenic land cover changes on the Tibetan Plateau (CUI2006). Findell et al. (Findell et al. 2006) found very little statistically significant response beyond the Tropics to complete tropical deforestation in their long time period model integrations, which neglected the teleconnections found in the previous studies of the tropical deforestation (Zhang et al. 1996; Mabuchi et al. 2005a; Mabuchi et al. 2005b; Avissar and Werth 2005) . It is worth performing a model integration with a longer time period than 10 yr, as in this study, especially to test the statistical significance. To tackle the model uncertainties on the Tibetan Plateau, ensemble experiments like AMIP (Gates et al. 1999) or the Climate Model Intercomparison Project (CMIP; Covey et al. 2003 ) with more models should also be encouraged.
The heterogeneous land surface characteristics and complex orographic varia- tions on the Tibetan Plateau may exert significant local weather systems. This needs to be tackled with a regional or mesoscale model by improvement of the parameterization scheme together with the efforts of the international measurement campaigns, like the Global Energy and Water-Cycle Experiment (GEWEX) Asian Monsoon Experiment (GAME) within the World Climate Research Program (WCR), called GAME-Tibet (available online at http://monsoon.t.u-tokyo.ac.jp/ tibet), and the Coordinated Enhanced Observing Period (CEOP) Asia-Australia Monsoon Project (CAMP), called CAMP-Tibet (available online at http://www. ceop.net). In this study, a cooling due to increasing surface albedo of deforestation was not found like at other places (Myhre and Myhre 2003; Hales et al. 2004) . With simplified land surface atmosphere interaction processes applied in a GCM, like ECHAM5, it is hard to justify such changes. Hopefully, application of the high-resolution regional climate models (Cui et al. 2007 ) can help to contribute to this aspect. The interdisciplinary research of ecosystem changes on the Tibetan Plateau is still in its infancy and, therefore, needs more contribution from the international community. China's forest policy for the 21th century. Science, 288, 2135-2136.
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